Pyronine at non-toxic concentrations greatly reduced the yield of encephalomyocarditis virus produced by Krebs ascites cells. The inhibition was greatest when pyronine was added 2 hr after infection and was less when the dye was added later. It also decreased when the dye was added shortly before infection. It could be reversed by removing pyronine from infected cells less than 2 hr after treatment. In the presence of the dye, synthesis of virus RNA was inhibited; the residual singlestranded RNA synthesized was not infectious and had abnormal sedimentation characteristics. Infectious double-stranded virus RNA was synthesized normally for 3 hr after infection and was inhibited later. Both virus and cellular protein synthesis were inhibited by pyronine. A possible explanation for these results could be the modification of the template activity of double-stranded virus RNA due to intercalation of pyronine between the base pairs.
INTRODUCTION
Acridine dyes can inhibit virus multiplication and induce mutations (Albert, I966 ) . Lerman (I964a) has ascribed their effects to the intercalation of dye molecules between the base pairs of DNA, causing local untwisting of the helix. The modified helix cannot be an efficient template for nucleic acid replication, and thus mutations by insertion and deletion may be expected when inhibition is incomplete (Lerman, I964b) . Franklin (I958) attributed the inhibition of virus multiplication to a failure of assembly of preformed virus constituents as a consequence of defects in either virus nucleic acid or protein or both. The effect of basic dyes on virus is enhanced by visible light (Schaffer, 1962) . In its presence, much lower concentrations of dye cause inhibition of virus multiplication. Hiatt (196o) proposed a mechanism of photosensitization involving binding of dye to virus and the appearance of free radicals.
Like acridine dyes, pyronine fixation by living animal cells follows a series of equilibria; the first equilibrium is established between the medium and the cell cytoplasm which contains preferential sites. A second equilibrium exists between the cytoplasm and the nucleus, and a third is established between dye disintegration products retained by the cell and those discharged into the medium. This makes it possible at certain dye/cell ratios to bind most of the dye to cytoplasmic constituents (Semmel, I967) . The cytoplasm and the membrane of the cell contain a large number of potential binding sites. These include partially structured
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M. SEMMEL AND J. HUPPERT transfer RNA and mitochondrial DNA capable of binding the dye by intercalation between base pairs with a high association constant (Io9), mucopolysaccharides and possibly proteins able to bind the dye by stacking with a much lower association constant 005) (Michaelis, 2947) . In vivo, when a cell is infected by an RNA virus such as mouse encephalomyocarditis virus, new potential intercalation sites should appear in the cytoplasm, because this virus replicates in the cytoplasm and has a replicative form containing a highly structured doublestranded RNA. A modification of the double-stranded RNA due to intercalation of the dye between base pairs should block virus multiplication, and a decrease of virus RNA synthesis without a corresponding decrease in cellular RNA synthesis can be expected too. The dye may also bind to partially structured t-RNA and affect virus and cellular protein synthesis.
We report results of experiments concerning the effect of pyronine on encephalomyocarditis virus multiplication and on virus RNA and protein synthesis.
METHODS
Reagents and solutions. Pyronine G (chemically pure grade) was purchased from Fluka (Basel) . No impurities could be detected by potentiometric measurements (sensitivity + 5 %). The dye was dissolved in o.I 4 M-NaC1 at a concentration of IO mg./ml., sterilized by heating and stored at laboratory temperature in the dark.
Actinomycin D was a gift from Merck, Sharp and Dohme. [5-aH] uridine (specific activity = ~7 C/mM) and [14C]amino acids (hydrolysed algae, specific activity = o'5 mc/mg. 98 % protein) from C. E. A. Saclay were used. DEAE-Dextran came from Pharmacia. Other reagents were Merck purest grade products. Extinction coefficients were determined with a Zeiss spectrophotometer, model M4Q III. Radioactivity was measured with a Beckman scintillation counter, model CPM IOO. Gradients were centrifuged in Spinco preparative ultracentrifuges, either model L5o or model L4, using an SW39 rotor.
Virus and cells. Krebs 2 ascites cells were harvested from Swiss mice 7 or 8 days after inoculation, washed three times in phosphate buffer saline (Dulbecco & Vogt, ~954) , suspended in Earle's medium (Earle, I943) at a concentration of 2 × IO 7 cells/ml, and maintained at 4 ° for at least 2 and not more than I4 hr. Rat ascites cells (Zajdela hepatoma) were harvested ~o days after inoculation and prepared in the same way. For infection, stock encephalomyocarditis virus with a titre of Io 9 p.f.u./ml, was used. After infection (multiplicity = o.~) the cell suspension was allowed to stand for I hr at 4 ° in order to synchronize virus absorption. The cell suspension was then incubated in Erlenmeyer flasks at 37 ° on a swirling machine (Sanders, Huppert & Hoskins, I958 ) . Samples of either whole cell suspensions or supernatant fluids were stored in sealed ampoules at -7o °. Plating was done using the agar-overlay method (Sanders et al. ~958) with Krebs 2 ascites cells as indicators. Intracellular virus concentration was determined as the difference between assays of supernatants and of cell homogenates. In order to minimize eventual photosensitization, the flasks were wrapped in aluminium foil during incubation.
Infectivity of the RNA preparations was determined in L cells pretreated with DEAE-Dextran (Pagano & Vaheri, I965) . Monolayers were incubated with appropriate dilutions of RNA for 15 rain. at 37 °, after which time the medium was replaced by agar overlay.
Labelling and eentrifugation. Incorporation of [5-3H] uridine into RNA and of [14C]amino acids into proteins was determined after precipitation of whole cells with perchloric acid (final concentration 5 %) (Blade & Harel, I968 
RESULTS

Effect of pyronine on EMC virus multiplication
Pyronine (Fig. 1) , when added to Krebs 2 cell suspensions at the same time as the virus, decreased the production of progeny virus. The inhibition of virus replication was proportional to the dye concentration in the range of 3o to 60 #g./ml. (Fig. 2) . The ceils remained viable in the presence of ioo #g./ml. of pyronine; at higher dye concentrations they were damaged.
(CH3)zN ~N +(CH3)2 Fig. I . Formula of pyronine G.
Encephalomyocarditis virus itself was unaffected by incubation for 14 hr at 37 ° with dye (IOO #g./ml.).
Inhibition of virus production was maximal (99"5 %) when pyronine was added 2 hr after infection (Fig. 3) . This time coincided with maximum template activity. Pyronine added at the end of the multiplication cycle, i.e. 4 to 5 hr after infection, by which time most virus RNA synthesis has ceased (Fig. 6) , gave 70 to 8o % inhibition. This could have been due to inhibition of virus protein synthesis. When pyronine was added earlier than 6 hr before infection, virus production was not inhibited. This finding also provides evidence that cells treated with pyronine remained viable at least as far as their capacity to produce new virus was concerned.
Degradation products of the dye did not inhibit virus multiplication. Cells were incubated with pyronine (IOO #g./ml.) for 5 hr, eliminated by centrifugation and the supernatant medium used for virus production by fresh cells. Supernatant medium from cells incubated for 5 hr without pyronine was used as a control. No difference was observed between the virus titres in the medium containing pyronine degradation products and controls.
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VrR 7 I90 M. SEMMEL AND J. HUPPERT Newly synthesized intracellular virus appeared ~ hr later in cells treated with pyronine than in controls. Virus release started at the same time in both sets of cells. In the presence of the dye, final virus yield was less than x % of the yield without dye (Fig. 4) .
Part of the observed differences could have been due to modifications of virus adsorption and release. In the experimental conditions used, half the applied virus was adsorbed. If binding of pyronine to cell membrane had facilitated adsorption, a relatively small increase in virus adsorption would have resulted in a numerically large difference at the end of the 10a t I I I I I I multiplication cycle, tending to mask the inhibition caused by pyronine at later stages of virus replication. If, however, adsorption had been inhibited by pyronine, the final inhibition would have been a massive effect and could not have been attributed solely to events occurring during the multiplication cycle. Consequently, cells were incubated with pyronine (IOO #g./ml.) for 3o min. at 37 °, stored for ~ hr at 4 °, infected, allowed to stand at 4 ° for ~ hr and centrifuged. Infectivities of supernatant medium and whole cell suspension were determined for [o different lots of cells (5 controls and 5 experimental) in replicates, each giving 5o to ~oo plaques/replicate with an experimental error of + 6"3 %. Less than + 5 % difference was found between the titres obtained with controls and treated cells. Therefore pyronine did not influence virus adsorption. Neither was release of newly formed virus modified: IO hr after infection, the titres of the supernatant medium and of the whole cell suspension were the same in both sets of cells. A sample of virus, synthesised in the presence of dye, was exposed to daylight for 4 hr to test for eventual photosensitization by pyronine. No difference could be observed between the titres of this virus and the control• Thus, photosensitization was either very The inhibition of virus multiplication by pyronine was never complete• The residual virus synthesized in the presence of the dye was not a dye-resistant mutant• When virus, synthesized in the presence of dye, was used to infect fresh cells treated with pyronine the inhibition was 8o to 9o % (we added virus and dye together)• i3-2
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M. SEMMEL AND J. HUPPERT Repeated multiplication cycles in the presence of pyronine did not induce resistance to the dye (Table 1) .
The possibility that residual virus originated from cells which did not adsorb pyronine was ruled out by comparing the amount of virus in intact cells and in disrupted cells. Thus each dye-treated cell produced a few progeny virions.
Reversibility of the inhibition
The effect of pyronine on virus production could be reversed if the dye was removed within 2 hr after treatment. Repeated washing of cells was difficult to perform, so in order to remove the dye an excess of fresh untreated cells was added to the infected and pyroninetreated suspensions• We supposed that the fresh cells provided new binding sites and displaced the equilibrium of dye distribution• Either Krebs 2 ascites cells or rat ascites cells -maximal inhibition in permanently pyroninetreated suspension• (in which mouse encephalitis virus does not multiply) were used. When mouse cells were used for dilution, the removal of pyronine did not completely reverse the inhibition of virus production assayed 9 hr after infection (Fig. 5a ), but on assaying later (I2½ hr after infection) there was complete reversal, resulting in a normal yield of new virus• As this result could have been due to secondary infection of cells used for diluting the infected suspension, similar experiments were performed with rat cells• In this case also, the inhibition was par-tially reversed when the assay was done after 8 hr (Fig. 5b ) and completely after 12½ hr (Fig. 5 c) . Therefore the virus production after dilution was not due to secondary infections.
Effect of pyronine on RNA and protein synthesis
In order to investigate the mechanism of encephalomyocarditis virus inhibition by pyronine, the synthesis of RNA and protein in infected and uninfected Krebs ascites cells was studied.
Actinomycin D (5 #g./ml.) was added after 3o rain. incubation, and IOO/~g./ml. of pyronine was added 3o rain later. The cells were labelled for 90 min at different times after infection. The infected cells incubated without pyronine synthesized most virus RNA between 4 and 5½ hr after infection. Later, RNA synthesis decreased sharply (Fig. 6 ). This decrease corresponded to the accumulation of mature virus in the cells (Fig, 4) -In the dye-treated cells, RNA synthesis was equal to that of controls during the first 4 hr of the multiplication cycle. Treated cells synthesized less RNA between 4 and 5½ hr after infection than did the controls, but incorporated more label between 5½ and 7 hr. Since actinomycin D was present during incubation, 96"5 %of the RNA synthesis could be attributed to virus RNA synthesis. The remaining 3"5 % could be attributed to cellular t-RNA.
In order to determine the effects of actinomycin D, of pyronine and of virus on the incorporation of label, infected and uninfected cells were incubated for 3 hr at 37 °, then labelled for I hr with [3H]uridine and assayed for radioactivity. When used, actinomycin D was added after the first 3o rain. of incubation and pyronine after I hr of incubation ( ascites cells did not multiply in suspension. Nucleic acid synthesis decreased with increasing incubation times. In the presence of pyronine, this decrease was less pronounced, and at any given time dye-treated cells incorporated more label than did the controls. Actinomycin D, however suppressed both cellular-and dye-stimulated RNA synthesis. When infected cells were labelled in the presence of pyronine, the result was complex: the decrease of virus RNA synthesis resulted in the incorporation of pH]uridine equivalent to 65 % of the control.
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Pyronine--EMC RNA and protein synthesis
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When both actinomycin D and pyronine were present, 75 % of virus RNA synthesis was inhibited, whereas under the same conditions 99"5 % of virus production was suppressed.
Protein synthesis was studied by incorporation of [14C]amino acids. Uninfected and infected cells treated with actinomycin D were incubated for various intervals with pyronine, labelled for 9o rain. and assayed for radioactivity (Fig. 7) . When label was added at the same time as pyronine, incorporation of [l~C]amino acids into protein of uninfected cells decreased to 13 ~o. When the interval between pyronine addition and labelling was increased, protein synthesis attained 5o °,/o, but, whereas total protein synthesis decreased in the infected controls as a consequence of the virus infection, the pyronine-treated infected cells continued to incorporate the same amount of [14C]amino acids. When most protein synthesis had ceased in the infected untreated cells (after 5½ hr incubation) pyronine-treated infected cells continued to synthesize protein just as they continued to synthesize RNA. Virus and cellular protein synthesis could not be distinguished in this experiment, as some cellular protein synthesis continued in actinomycin-treated cells.
Properties of RNA synthesized in the presence of pyronine
To investigate the possible production of abnormal virus RNA, RNA synthesized in the presence of pyronine was studied. Actinomycin D (5 #g./ml.) was added to infected cells after 3o rain. incubation at 37 °. Dye (IOO #g./ml.) was added 3o rain. later and [5-3H]-uridine 3½ hr after infection. RNA was extracted after 5 hr and separated into z M-NaC1 precipitable and soluble fractions.
Most of the labelled RNA extracted from untreated cells and precipitated by 2 M-NaC1 
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M. SEMMEL AND J. HUPPERT sedimented faster than ribosomal 28 s RNA (Fig. 8 a) and was infectious. It corresponded to single-stranded RNA of encephalomyelitis virus as described by Montagnier & Sanders 0963) . The material sedimenting at the bottom of the tube was also infectious. Presumably it corresponded to aggregated virus RNA. The single-stranded RNA extracted from dye-treated cells sedimented mainly in the region 3 to 5 s (Fig. 8b) and was not infectious. When the label was added earlier in infection (between the 3rd and 4th hr), similar results were observed.
RNA not precipitated by 2 M-NaC1 (double-stranded RNA), extracted from cells labelled between the 3rd and 4th hr after infection, showed on gradients a peak at I8 s (Fig. 9a) and was infectious, whether it was prepared from untreated or from pyronine-treated cells. The specific radioactivity of RNA from treated cells was lower than that of untreated controls.
When at I8 s could be found in dye-treated cells, while in the untreated controls the amount of this material increased further (Fig. 9 b) as compared with the earlier time.
Fractions of the gradients shown in Fig. 8 and 9 were pooled, precipitated with ethanol and assayed for RNase resistance as described in Methods. RNA, precipitable by 2 M-NaC1, was digested by RNase in 2 x SSC buffer, indicating that the material was virus singlestranded RNA. The labelled material non-precipitated by 2 M-NaC1 and sedimenting at 18 s was resistant to RNase in 2 x SSC buffer but digested by it in o.I × SSC buffer, characteristic of double-stranded RNA. In pyronine-treated infected cells only 22.I % of the corresponding material was resistant to RNase in 2 x SSC buffer (Table 3) .
After a deduction of 7"4 %, corresponding to acid-insoluble radioactivity remaining under our conditions in any RNA treated with RNase, o/ 13 /o of radioactivity in dye-treated cells could be attributed to virus double-stranded RNA.
Subsequently, samples of these fractions were assayed for infectivity and the ratio p.f.u./ counts per min. was determinated. This ratio enabled us to compare virus RNA synthesis as measured by incorporation of [3H]uridine with synthesis as determined by biological function. The value obtained from untreated controls showed how many p.f.u./counts per rain. could be expected for any given preparation. If most of the RNA synthesized by pyronine-treated cells is not infectious, the ratio should be lower than that of controls. Conversely, a higher ratio indicates that synthesis of infectious RNA took place before label was added (Table 4) . Thus, while most of the single-stranded RNA synthesized by pyronine-treated cells was not infectious, the labelled double-stranded RNA extracted from pyronine-treated cells produced as many plaques as the control preparation. Hence, double-stranded RNA was functional. Fig. IO shows the results of Cs2SO4 gradients run with material precipitated by 2 M-NaC1. RNA extracted from both controls and pyronine-treated cells was found at the same density as ribosomal RNA; p = ~.729 (dimethylsulphoxide addition prevented precipitation but changed the normal density distribution) (L. Montagnier, personal communication) . RNA extracted from pyronine-treated cells reached equilibrium in a broader peak; this might have been due to differences in molecular weight but might also have been the consequence of a difference in density of the material. Consequently, 2 M-NaC1 precipitable material seemed always to be single-stranded RNA and did not correspond to virus replicative intermediates. 
Kinetics of infectious RNA synthesis
The synthesis of infectious RNA by pyronine-treated cells was studied as a function of time after infection (Fig. I ~) . Infected cells were incubated for various intervals, extracted and the infectivity of the resulting RNAs tested by plaque assay• New single-stranded RNA was synthesized after 3 hr incubation, whereas double-stranded RNA appeared after I hr incubation, remained at approximately the same level for up to 3 hr and then increased sharply. These observations agree with the data of Montagnier & Sanders (~963) .
Controls and treated cells contained the same amount of single-stranded RNA during the first 3 hr of the multiplication cycle. This RNA can be considered to originate from parental infecting virus. Later on, when single-stranded RNA increased exponentially in control cells, little additional single-stranded RNA could be found in pyronine-treated cells, so that inhibition increased progressively and attained 99 % at the end of the multiplication cycle, which is close to the inhibition of virus production.
Virus double-stranded RNA synthesis proceeded normally in pyronine-treated cells during the first 2 hr of the multiplication cycle, then increased during the third hour, and was inhibited at later stages, when double-stranded RNA production increased sharply in controls. The nature of the binding sites can be deduced from information obtained in vitro. Pyronine can bind to structured nucleic acids, including RNA, by intercalation between base pairs with an association constant of ~o 9 and causes local untwisting of the helix (Semmel & Daune, I967) . Pyronine can also bind to unstructured polymers such as polyphosphates including polynucleotides, polysulphates and polyalcohols in a 'stacking' complex with an association constant of IO or IO 5 (Michaelis, ~947; Bradley & Wolfe, i959) . Because of the difference of the association constants, the dye is bound preferentially by intercalation when the dye/polymer ratio is low. Significant amounts of the 'stacking' complex appear in mixtures containing both intercalation and ' stacking' sites when most of the intercalation sites are saturated, i.e., at high dye/polymer ratios.
At the dye/cell ratios used in the experiments, the dye penetrates only as far as the cytoplasm (Semmel, I967) . Therefore, only the sites located on cytoplasmic constituents need to be considered. In the cytoplasm, intercalation sites exist on mitochondrial DNA, t-RNA and viral double-stranded RNA. Mucopolysaccharides, proteins and viral single-stranded RNA can bind the dye only by 'stacking' and their binding sites should not be occupied at the concentrations used. Therefore, a direct effect of pyronine on proteins seems unlikely. The observed inhibition of amino-acid incorporation would be best explained by modifications in the structure and function of t-RNA which has formed an intercalation complex with the dye.
Inhibition of protein synthesis was maximal at late stages of infection, but it was never as pronounced as that of virus or virus RNA. Also it was transient:cells treated with pyronine some hours before infection survived and were able to multiply the virus.
Formation of double-stranded virus RNA was demonstrated in pyronine-treated infected cells. This implies that the formation of complementary strands of virus RNA occurred. Therefore, at least one virus protein, namely the RNA polymerase, was synthesized in these cells and was functional.
Thus, the effect on proteins and protein synthesis seems to be a secondary factor in the inhibition of virus multiplication.
In untreated cells newly synthesized single-stranded virus RNA appeared 3 hr after infection and its amount increased exponentially till the end of the growth cycle of the virus.
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The corresponding increase in the amount of double-stranded RNA is best explained by formation of replicative intermediates containing some of the new 'plus' strands and by accumulation of duplexes when replication comes to the end. In pyronine-treated cells only small amounts of normal, infectious, single-stranded virus RNA were detected and it could correspond to the o'5 to I ~o of 'residual' virus produced by the treated cells. The newly synthesized single-stranded RNA had a sedimentation coefficient of 3 to 5 s only. Thus, the presence of dye affected mostly the synthesis of virus single-stranded RNA.
We have no evidence concerning the characteristics of virus coat protein synthesis. It seems unlikely that the small molecular weight virus RNA synthesized in the presence of pyronine codes for normal virus coat protein. But even if coat proteins were coded for by parental virus and synthesized normally, mature virions could not be assembled as the RNA moiety would be lacking. The decrease of infectious RNA synthesis was always of the same magnitude as the inhibition of virus production.
We consider therefore that the reported results are in agreement with the model proposed in the introduction: the dye, at the concentrations used, remains in the cytoplasm where it forms weak stacking complexes with many components and strong intercalating complexes with structured nucleic acids.
The formation of such complexes impairs the template capacity of the replicative form of the virus. Either the polymerase has fewer attachment sites available to it on the RNA or it attaches but cannot read the template properly.
Presumably both mechanisms are involved, as less single-stranded RNA was made in the presence of dye and also the RNA molecules synthesized were shorter.
Even strong binding of dyes to RNA is an equilibrium reaction and the dye may be dissociated again. Effectively, the inhibition of virus multiplication could be reversed when pyronine was removed by an appropriate procedure. In such cases the replication of the virus started again after a delay roughly related to the time of contact with the dye if this time did not exceed 2 hr.
The distribution of the dye between sites on t-RNA and on viral double-stranded RNA varies during the multiplication cycle. First, when very few molecules of viral doublestranded RNA are present in the cytoplasm, the total number of sites on the t-RNA is relatively great, and hence the probability of pyronine binding to viral double-stranded RNA is low. Next, as the amount of double-stranded RNA increases, more sites become available, more pyronine is bound to them and, consequently, less single-stranded RNA is synthesized. Our results have shown that all cells are equally but not totally inhibited by pyronine. A gradual shift of pyronine from t-RNA to double-stranded RNA would account for the increasing difference in virus production by pyronine-treated and control cells as virus multiplication proceeds.
